-/-zebrafish with the 5-HT receptor 1A agonist 8-OH-DPAT rescues aggression and some aspects 39 of anxiety-like behaviour. Taken together, the interplay between NO and 5-HT appears to be critical 40 to control behaviour. Our cross-species approach challenges the previous notion that reduced 41 neuronal NOS leads to increased aggression. Rather, Nos1 knock-out can also decrease aggression in 42 some situations, a finding that may have implications for future translational research. 43 44
Introduction

Nitric oxide (NO) is a gaseous signalling molecule produced by three isoforms of the enzyme Nitric 48 oxide synthase (NOS): NOS-I (also called neuronal NOS), NOS-II (inducible NOS
A total of 10 wild-type and 9 nos1 -/-were processed for HPLC. 155
Monoamine oxidase assay. Monoamine oxidase (Mao) activity was analysed using the peroxidase-156 linked colourimetric assay described in (Anichtchik et al., 2006) . This method determines the amount 157 of a red pyridine dye formed in a chromogenic reaction driven by the oxidation of tyramine by Mao. 158
The assay was performed in a 96-well plate (Thermo Fisher). Each well contained 100 µl 10 mM 159 tyramine, 50 µl chromogenic solution and 5 µl brain homogenate. The assay was incubated at 28°C for 160 2 hours and the dye produced was quantified at different time-points using a microplate reader 161 equipped with a 490 nm filter (iMark TM BIO-RAD). Data was obtained using Microplate Manager 6 162 Software, version 6.2. We used 9 brains of each genotype. For drug experiments, wild-type fish were 163 treated by immersion in 10 or 100 μM deprenyl for 3 hours before processing. 164
Statistics. All data were organised in Excel (Microsoft). Statistical analyses were carried out in 165 GraphPad Prism6. All error bars denote standard error of the mean (SEM). Statistical significance was 166 depicted as follows: (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, (****) p < 0.0001. The number of 167 animals tested is denoted by n. 168
169
Results
170
Expression of nos1 in the adult zebrafish brain and generation of a TALEN mutant line 171
We first characterised nos1 expression in the adult zebrafish brain complementing the original studies 172
by Holmqvist and colleagues (Holmqvist et al., 2000) . In the telencephalon, nos1 expression is seen in 173 the dorsal, ventral and posterior ventral telencephalon (Vd, Vv, Vp), the medial, lateral (Fig. 1a-c) , andposterior dorsal telencephalon (Dm, Dl, Dp) and the anterior and posterior part of the preoptic area 175 of the anterior hypothalamus (PPa and PPp; Fig. 1d,e) . nos1 is also expressed in the ventral part of 176 periventricular pretectal nucleus (PPv), the dorsal (DP) and central posterior (CP) thalamic nucleus, 177 the posterior nucleus of the posterior tuberculum (TPp), the ventral zone of the periventricular 178 hypothalamus (Hv) and the posterior thalamic nucleus (P) (Fig. 1f,g ). Other hypothalamic regions that 179 express nos1 include the paraventricular organ (PVO), the posterior tuberal nucleus (PTN), the lateral 180 hypothalamic nucleus (LH), the subglomerular nucleus (SG), and the dorsal and caudal zones of the 181 periventricular hypothalamus (Hd, Hc) (Fig. 1g,h ). Sparse expression is also seen in the superior raphe 182 formation (SRF) and the nucleus interpeduncularis (Nln), the griseum central (GC), the nucleus isthmi 183 (NI) and the corpus mammilare (CM) (Fig. 1j-l) . We next generated a mutant line that harbours a seven 184 base pair deletion in the first exon of nos1 using TALEN genome engineering (nos1
SH336
; Fig. 1m ). The 185 mutation led to a premature stop codon that truncates Nos1 protein at amino acid 109 deleting a 186
BstXI restriction site (Fig. 1n) . We confirmed the reduction of NOS1 by Western blot using a NOS1 187 specific antibody (Fig. 1o) (Robertson et al., 2014) . 188
189
Mutation of nos1 causes a reduction of NO signalling 190
We next investigated the impact of reduced nos1 activity on NO signalling. Expression of the nos1 191 gene was severely decreased in the brain of mutants compared to wild-type fish (Fig. 2a-h ). In 192 agreement with this, qPCR analysis revealed a strong reduction of nos1 gene expression in nos1 -/- (Fig.  193 2i). Conversely, there was no difference in expression of the gene nos2a between genotypes whereas 194 nos2b showed increased expression in the mutant brain (Fig. 2i) . We assessed NO signalling using the 195 Griess assay that measures nitrite levels in the brain. Comparison of nos1 -/-and wildtype revealed a 196 significant reduction of NO signalling in the mutant fish (Fig. 2j) . However, even when nos1 activity is 197 reduced some NO signalling is maintained in the brain. -/-mutants showed a strong reduction of aggression compared to wild-types 205 in both paradigms. In the mirror test, nos1 -/-only exhibited a few short bouts of aggression (Fig. 3a)  206 although they swam the same distance as wild-types in this test (Fig. 3b) . In the dyadic test, aggression 207 was reduced and nos1 -/-spent more time freezing (Fig. 3c-f (Fig. 3g,h ). In zebrafish, freezing on the bottom of the tank is indicative of anxiety-212 like behaviour. We examined this in more detail using the novel tank test ( -/-showed a 216 preference for the centre of the tank suggesting reduced anxiety. However, there was also a reduction 217 in the total distance swum and an increase in the time spent freezing suggesting that zebrafish are 218 more anxious ( Fig. 3m-o) . We also recorded choice behaviour in a two-sided black/white tank (Lau et 219 al., 2011). Both genotypes spent a similar amount of time on the non-preferred white side of the tank 220 (data not shown). However, nos1 -/-showed fewer transitions between compartments demonstrating 221 decreased locomotion (Fig. 3p) -/-but backcrossed onto C57Bl6 for at least 5 generations) using the resident-intruder 229 paradigm. In agreement with our zebrafish data, Nos1 -/-mice showed reduced agonistic behaviour 230 compared to wild-types. There was a decrease in the number-and duration of attacks (Fig. 4a,b) and 231 an increase in attack latency (Fig. 4c) . In the open field test, Nos1 -/-mice were hyperactive ( Fig. 4d ) but 232 spent a similar amount of time in the centre as wild-types (Fig. 4e) . Thus, murine anxiety does not 233 appear to be altered by reduced Nos1 function. We also investigated the preference for social novelty. 234
Both genotypes showed a similar initial level of interest when interacting with a novel mouse, although 235 the effect was stronger for wild-types than Nos1 -/- (Fig. 4f) . However, when a second unfamiliar mouse 236 was introduced wild-types showed a preference for the novel mouse whereas Nos1 -/-did not, 237 indicating impaired processing of emotional stimuli (Fig. 4g) . 238 239
Hypothalamic-pituitary interrenal axis functions normally in nos1
-/-zebrafish 240 NO signalling has been linked to activation of the hypothalamic-pituitary-adrenal axis (HPA), a set of 241 interacting pathways that help mediate an organism's stress response. Dysregulation of the HPA can 242 lead to anxiety suggesting a possible mechanism underlying the behavioural phenotype of nos1 -/-. We 243 measured the stress hormone cortisol using an enzyme-linked immunosorbent assay (ELISA). Wild-244 type and nos1 -/-zebrafish showed similar basal cortisol levels ( We used high precision liquid chromatography (HPLC) to assess the basal levels of 5-HT, 253 noradrenaline, DA and their metabolites in wild-type and mutant zebrafish. Using HPLC we uncovered 254 a reduction of the DA metabolite DOPAC in the telencephalon, diencephalon, optic tectum and 255 hypothalamus of nos1 -/- (Fig. 6a-d) . There was also an increase of 5-HT and a decrease of noradrenaline 256 in the hindbrain (Fig. 6d) . Analysis of neurotransmitter turnover revealed further alterations. The 257 DOPAC/DA ratio was decreased in the optic tectum and hindbrain of nos1 -/- (Fig. 6e) without changes 258 to HVA/DA (Fig. 6f) . There was also a strong decrease in the 5-HIAA/5-HT ratio in the telencephalon of 259
nos1
-/- (Fig 6g) . wild-types (Fig. 6h) . The decrease in Mao activity could be due to reduced gene expression following 266 life-long abrogation of NO signalling. We investigated this issue using quantitative real-time PCR. In 267 contrast to the diminished enzyme activity, nos1 -/-zebrafish exhibited increased expression of 268 monoamine oxidase, whereas Nos1 -/-mice showed heightened Mao expression in the frontal cortex 269 and decreased expression in the amygdala and raphe nucleus (Fig. 7a,b ). This suggests that there is a 270 compensatory up-regulation of Mao activity in some parts of the brain. To investigate the link between 271
Mao and behaviour we treated wild-type zebrafish with deprenyl, a drug that inhibits Mao in zebrafish 272 and MAOB in other vertebrates (Anichtchik et al., 1996) . We hypothesised that deprenyl treatment 273 would mimic the phenotype of nos1 -/-, decreasing wild-type aggression to the level seen in mutant 274 zebrafish. Immersion in 10 μM or 100 μM deprenyl for 3 hours reduced enzyme activity in line with 275 published data ( Fig. 8a; Anichtchik et al., 1996) . Drug treated zebrafish also showed a strong decrease 276 in mirror-induced aggression (Fig. 8b,c) and increased anxiety-like behaviour in the novel tank test 277 (Fig. 8d,e) 
281
The most dramatic change to neurotransmitter signalling in nos1 -/-was decreased 5-HT turnover in 282 the telencephalon. We investigated the connection between 5-HT and behaviour by applying the 5-283
HT receptor 1A (Htr1A) agonist 8-OH-DPAT to mutants reasoning that an increase in 5-HT levels should 284 rescue their phenotype. Treatment with 1 mg/L 8-OH-DPAT rescued aggression in nos1 -/-increasing 285 agonistic levels to those of wild-type zebrafish (Fig. 8f) . However, anxiety-like behaviour in the novel 286 tank test was not rescued by drug application. Although the time spent in the top of the novel tank 287 increased for both genotypes (Fig. 8g) there was still a significant difference between them. The time 288 spent freezing and angular velocity of nos1 -/-was rescued by 8-OH-DPAT treatment (Fig. 8h,i) . Mutation of nos1 led to a reduction of gene activity as shown by both in situ hybridization and qPCR 301 (Fig. 2a-i) . This suggests that non-sense mediated decay of the mutated mRNA may have occurred. 302 However, the Griess assay revealed the presence of nitrites in the nos1 -/-brain (Fig. 2j) suggesting that 303 residual NO synthesis still occurs. This observation can be explained by the presence of other sources 304 of nitrites in the fish brain, as well as compensation by nos2b in agreement with previous studies (Diaz 305 et al., 2015). Although we have only characterised one nos1 mutant allele, several lines of evidence 306 point to reduced nitric oxide signalling including the absence of Nos1 in the Western blot (Fig. 1o) ; the 307 decrease in nos1 expression detected by qPCR (Fig. 2i) ; and the reduced nitrite levels (Fig. 2j) . We are 308 therefore confident that we the behavioural phenotype is due to mutation of nos1. In this study we 309 have focussed on the behaviour of adult zebrafish. Injection of capped mRNA at the single cell stage 310 could be used to rescue some of the phenotypes shown here if they are triggered during embryonic 311 development. However, it would be hard to interpret this experiment if we do not see a rescue, since 312 capped mRNA is only stable for a few hours and we have characterised mature fish from 3 months 313 onwards. Future studies would benefit from generating a second nos1 mutant line -perhaps in a 314 different genetic background to investigate the effect of modifier genes on the behavioural phenotype 315 (Fig. 3a-f ) and social isolation of nos1 -/-prior to testing 323 did not alter this phenotype (Fig. 3g,h) (Fig. 4a-c) . 330 NOS-I also has an important role in controlling anxiety. nos1 -/-zebrafish show increased anxiety-like 331 behaviour in the novel tank test and open field test whereas this behaviour was not modified in the 332 black-white tank. There was a decrease in locomotion in the open field test (Fig. 3n) but not the mirror-333 induced aggression test (Fig. 3b) driven by the affected promoter and the impact upon overall NOS-I expression is unknown; alternative 369 first exons might be upregulated in a compensatory manner. This could lead to altered intracellular 370 distribution of NOS-I without decreasing NO production. Furthermore, the association could be 371 accounted for by a broader increase in impulsivity rather than aggression, suggesting that the 372 connection between NOS isoforms and aggression needs to be analysed in more detail. 373
374
Link between NOS-I, 5-HT and Monoamine oxidase 375
One novel finding of our study is that the behavioural phenotype of nos1 -/-zebrafish correlates with 376 decreased breakdown of 5-HT in the forebrain due to a reduction of Mao activity (Fig. 6c,d ). 
